Sugars are a near-ubiquitous ingredient in food products, yet rising rates of obesity and related illnesses have prompted a drive to reduce their content. The use of amorphous sugars in confectionery may be one way of achieving this by providing a similarly sweet sensation due to increased dissolution rate. However, accurate amorphous and crystalline form characterisation and quantification of complex foodstuffs can be difficult. In this study, a method for the quantification of crystalline and amorphous sugars in chocolate precursors, using powder X-ray powder diffraction, is presented. The method was first validated by the use of known compositions of mixtures of amorphous and crystalline sugars, then employed in assessing two chocolate crumb samples. The results show that the method can reliably determine the absolute quantity of amorphous and crystalline components in a confectionery sample, whilst maintaining sample integrity, apart from the addition of an inert internal standard. As such, it is a valuable addition to other techniques currently used.
Introduction
Gradual changes in human lifestyle and behaviour over the past 100 years have led to a dramatic rise in the incidence of diabetes, obesity and related illnesses (coined Bdiabesity^) across the globe (Amos et al. 1997; Astrup and Finer 2000; King et al. 1998) . Consequently, governments have responded by introducing regulations (such as required information on the fat and sugar content of foodstuffs) and taxations (for example, the recently announced Soft Drinks Industry Levy in the UK) which are likely to become more restrictive on the food industry over the coming decades (Zimmet et al. 2001) .
As a result, there is heightened interest in research and development of food products that contain reduced sugar and fat content.
There are many options available to confectionery manufacturers to reduce the total quantity of sugars in foods. Perhaps the most widely used approach in the market is the use of sugar replacements (such as sugar alcohols) in chewing gums and carbonated soft drinks. However, these ingredients are more costly, do not necessarily provide the same taste profile and may produce undesirable gastric effects in some consumers (Nabors 2011) . Another option is the use of sugars in their amorphous forms; the lack of long-range order in amorphous solids allows for increased dissolution rate within the mouth, providing a sweet sensation at reduced gross sugar content (Hartel et al. 2011) .
However, achieving the amorphisation of the sugars in products is not as straightforward as simply replacing previously crystalline powders with their amorphous counterparts. For example, in chocolate manufacture, the product is exposed to a range of physical manipulations, including several heating and cooling steps, mixing within a conch, and the tempering process (Beckett 1994; Beckett 2008) . Consequently, components of the mixture that were amorphous at the outset of processing may have been given enough molecular mobility to recrystallise during processing, nullifying the intended impact on the final product. Hence, modifications to the manufacturing process may be required, and prior to this, a method of characterisation and quantification of the amorphous and crystalline components within a product at each stage of preparation is potentially advantageous in ensuring the desired final product is achieved. Quantitative phase analysis using powder X-ray diffraction (PXRD) is one method that can be employed for this purpose; other commonly used methods for quantification of amorphous content include DSC, DVS and solution calorimetry.
PXRD has been used extensively as an analytical technique since its initial application by Debye and Scherrer a century ago (Debye and Scherrer 1916) . In recent years, there has been great interest in the application of the Rietveld method (Rietveld 1969) to determine the relative quantities of crystalline components in a powder mixture, a process known as quantitative phase analysis (QPA). Though QPA has been extensively utilised within the cements, mining and ceramics industry, and to some extent within the pharmaceutical industry, its application in other areas is much less common (Aranda et al. 2012) . Typically, QPA reports the percentage abundance of each crystalline phase present in a mixture, giving the sum of crystalline phases as 100% of the powder that is irradiated in the X-ray beam. However, by use of an appropriate internal standard, the contribution of non-crystalline 1 content can also be calculated (De La Torre et al. 2001) . This is done by scaling each crystalline phase's contribution using a scale factor determined by the calculated and known concentrations of the standard, as shown in Eq. 1:
where W α(abs) is the absolute weight fraction of phase α, W α(calc) is the calculated relative weight fraction of phase α obtained from the QPA, W s(calc) is the calculated relative weight fraction of the standard material obtained from the QPA and W s(known) is the known weight fraction of the standard material. In order to apply QPA to a mixture, prior knowledge of the crystallographic form of each crystalline component is required. In the case of chocolate and chocolate precursors, these components include (but are not limited to) sucrose, α-lactose monohydrate and β-lactose (see Electronic Supplementary Material for sample PXRD patterns). Furthermore, a well-characterised and highly crystalline internal standard, with an elemental composition comparable to the samples of interest, is also required.
Here, the accuracy and precision of QPA, as applied to known compositions of crystalline and amorphous sugars using synthetic diamond powder as an internal standard, is assessed and the resultant methodology applied to two chocolate crumb samples.
Materials and Methods

Obtaining Pure Phases
Crystalline sucrose (CAS 57-70-1), α-lactose monohydrate (CAS 5989-81-1) and synthetic crystalline diamond powder (CAS 7782-40-3) were obtained from Sigma Aldrich, UK. Amorphous lactose was prepared by dissolving α-lactose monohydrate in water and freeze-drying small individual aliquots of the resultant 10% w/v aqueous solution as follows: pre-freezing at − 80°C, a primary drying step of 72 h at − 50°C under a vacuum pressure of 0.06 mbar, then finally a secondary drying step over P 2 O 5 for 48 h at 25°C. For more information on this process, see Jawad (2012) . The resultant powders, which were sealed and stored in desiccators, exhibited no Bragg diffraction peaks when PXRD data were collected on a laboratory diffractometer.
Preparation of Powder Mixtures of Known Composition
Five mixtures comprising varying proportions of sucrose, amorphous lactose (checked by PXRD to ensure it was X-ray amorphous) and diamond were prepared by manually mixing accurately weighed quantities of the aforementioned powders using a pestle and mortar. The composition of each mixture is shown in Table 1 . Mixtures were immediately loaded into capillaries (see the BCrystallographic Phase Information^section) and the capillaries sealed with wax to prevent ingress of water from the atmosphere.
Chocolate Crumbs
Two generic chocolate crumbs 2 (henceforth referred to as crumb A and crumb B) of notionally identical composition, but made using different drying methods (roller drying under vacuum or vacuum oven drying), were supplied for analysis by QPA by Mondelez UK R&D Ltd. An amount of crumb was first weighed accurately, and then spiked with a known mass of diamond powder. Each mixture was then mixed manually using a pestle and mortar to ensure an even distribution of the diamond powder within the sample. The composition of each mixture is shown in Table 2 .
Crystallographic Phase Information
Relevant crystallographic information for all phases present in the mixtures and likely to be present in the crumbs was sourced from the literature and is given in Table 3 .
Powder X-Ray Diffraction Data Collection and Analysis
Each sample was loaded into a 0.7-mm borosilicate capillary. For the mixtures of known sugar composition, three capillaries of each mixture were prepared, whilst subsequently, a single capillary of each of the crumb mixtures was prepared. Diffraction data were collected under ambient conditions on a Bruker D8 ADVANCE powder diffractometer configured in capillary-transmission geometry using monochromatic Cu K α1 radiation and a LynxEye detector. Data were collected in the range 3.5-80°2θ, with a 0.017°step for 10 s per step, which equates to a total time data collection time of approximately 12.5 h per dataset. As the focus of this study was the accurate quantification of crystalline and amorphous sugars, crumb A was also collected at 47°C 3 in order to melt the cocoa butter present and remove its crystalline contribution to the pattern. The six known crystalline forms of cocoa butter all have relatively large unit cells, of relatively low symmetry. As a result, these crystalline phases produce a large number of Bragg diffraction peaks that can overlap with those produced by the sugar phases in crumb and chocolate samples, potentially reducing the accuracy and precision of the composition values determined by QPA. As such, this simple heating procedure provides a convenient method for removing the crystalline cocoa butter contribution to the diffraction pattern. Heated samples of crumb A were subsequently cooled to ambient temperature and re-measured after ca. 16 h to observe whether or not the cocoa butter had recrystallised to its original form(s). All PXRD data analysis was performed using TOPAS (Coelho 2003) , and a sample TOPAS QPA input file is available as electronic supplementary information. For a brief and effective introduction to QPA as a technique in PXRD, please see Madsen and Scarlett (2008) .
Results
QPA of Sugar Mixtures of Known Composition
The results of the QPA conducted on the mixtures of known sugar composition are shown in Table 4 , and a representative fit to a PXRD dataset (mixture 1) is shown in Fig. 1 .
QPA of Crumb Samples
The results of the QPA conducted on the crumb samples are shown in Table 5 , and a representative fit to a PXRD dataset (crumb B) is shown in Fig. 2 .
Discussion
QPA of Known Mixtures
There is very good agreement between the percentage composition values returned by QPA and the known composition across all samples, with the greatest difference occurring in mixture 5 (Δ QPA-measured = 1.57%). The proportion of diamond internal standard in the analysed mixture affects the accuracy of the technique, with mixtures containing smaller diamond concentrations (mixtures 3 and 5) displaying poorer agreement with the measured quantities than those containing higher diamond concentrations (mixtures 1, 2 and 4). It also affects precision, as evidenced by the higher standard deviations obtained for mixtures 3 and 5 compared to mixtures 1, 2 and 4. As the determination of the absolute content of each phase within a mixture relies heavily on the scaling of the internal standard, small changes in the QPA-determined diamond percentages can have a significant impact on the final determined percentages of each phase. Obtaining a perfectly homogenous dispersion of the diamond standard throughout each mixture is difficult, subject as it is to inconsistencies in user technique, potential loss of powders during mixing or differences in adhesion of each phase to the pestle and mortar during mixing. Introducing a larger percentage of diamond powder in the final mix helps to reduce the relative impact of the aforementioned factors on the resultant powder pattern.
The results suggest a diamond concentration of at least 10% w/w is important in QPA accuracy when dealing with samples of this nature. It is likely that the use of 0.9-mm capillaries, exposing a larger volume of the sample in the incident X-ray beam, would also help mitigate any mixing issues, at relatively small cost to the resolution of the collected PXRD pattern.
Results are precise within a sample set, with the largest standard deviation values occurring in mixtures with low diamond concentrations: mixtures 3 and 5 have a standard deviation of 1.4 and 1.3% respectively). The repeatability coefficient is defined as
where M is the total number of measurements, n is the number of mixtures analysed, degrees of freedom is the number of repeat analyses minus one and sd is the standard deviation for a set of repeats.
For the QPA measurements performed on the sugar mixtures, the coefficient was calculated to be 0.78 (M = 15, n = 5, degrees of freedom = 2), indicating that for two repeat measurements on the same mixture, there is a 95% probability that the results of the QPA will differ by less than 0.78%. The results suggest that multiple repeat measurements of a mixture are not necessary to obtain quantitative data within 1% accuracy.
The goodness of fit between calculated and measured diffraction patterns is indicated by R wp (Young 1993) . In all cases, the fits to the data are good, with low R wp values and difference plots (see, for example, Fig. 1 ) consistent with the input crystalline phases providing a very good description of the observed PXRD data. It is important to consider not only the R wp values when evaluating fits but also the visual fit to the data-samples containing large amounts of amorphous material will have systematically lower R wp values than those containing smaller amounts (e.g. mixture 4 has 78.29% amorphous lactose and R wp = 3.18 whilst mixture 3 has 87.64% crystalline sucrose and R wp = 5.56) as a consequence of the way in which R wp is calculated. Whilst the background-subtracted R wp ′ could be used to eliminate this systematic difference, the combination of R wp plus Fig. 1 The Rietveld fit obtained for PXRD data collected from mixture 1 in the 2θ ranges 3.5-40°(upper plot) and 40-80°(lower plot). Observed data (points), calculated data (solid black line) and the difference profile (solid grey line) are shown. Diffraction from the diamond internal standard is clearly visible in the form of the very strong peaks at ca. 44°a nd ca. 75°2θ 
QPA of Chocolate Crumb
The results shown in Table 5 illustrate the power and the flexibility of PXRD for QPA of phase mixtures, such as the chocolate crumbs examined in this work. The method is able to quantify the crystalline sugars and form V cocoa butter at ambient temperatures, and Fig. 3 shows that upon heating to 47°C, the diffraction peak at 19.4°2θ (corresponding to the strongest diffraction peak of form V cocoa butter) disappears, indicative of cocoa butter melting and the removal of its crystalline contribution to the diffraction pattern. The slight lateral shifting of peaks, also clearly visible in Fig. 3 , is attributable to unit cell expansion of the crystalline phases at elevated temperature.
Upon cooling of the heated sample back to ambient conditions, the peak at 19.4°2θ does not immediately reappear, and there are no additional visible diffraction features, even after ca. 16 h at ambient conditions, which cannot be accounted for by the crystalline sugars. This suggests that, owing to the uncontrolled nature of the cooling back to ambient temperature, the cocoa butter may have recrystallised into several polymorphs whose relatively low abundance makes their quantification impractical or has solidified as an amorphous or nanocrystalline solid. QPA performed on the heated and cooled sample reported 0.12% of form V cocoa butter, a negligible amount that reflects correlations between phases included in the calculation as opposed to an accurate value; the same R wp for the QPA can be achieved when the form V contribution is excluded. Furthermore, the heated and cooled sample showed an increased percentage of crystalline sucrose within the mixture, suggesting that the increased molecular mobility introduced by the heating stage has allowed some amorphous sucrose to recrystallise.
Chocolate crumb B displays a much different pattern to that of crumb A. Firstly, no crystalline alpha-lactose monohydrate was observed in this pattern; rather, there is an increased quantity of the beta anomer. Furthermore, a much higher quantity of crystalline sucrose, and reduced total amorphous content, is present.
It is important to remember that QPA cannot distinguish between different amorphous components within the crumb mixture. Therefore, whilst it is possible to state with good accuracy what percentage of the mixture is amorphous, it is not possible to directly determine the amorphous percentage of each individual phase within the crumb, be it lactose, sucrose, cocoa butter, non-fat cocoa solids or various milk solids. However, evaluation of the amorphous percentages of each phase is possible if the crumb recipe is known. For example, if the recipe states 60% sucrose and QPA returns a crystalline value of 50%, then 10% of the crumb is amorphous sucrose. In this work, Mondelez has confirmed that the results obtained make compositional sense for the chocolate crumbs (whose recipes were not disclosed to us) that they supplied.
This clearly demonstrates the value of QPA in this context: evaluating changes in crystalline composition as a function of sample processing can help to explain differences that may be detected in taste, texture and manufacturability.
Internal Standard and Diffraction Geometry
In developing a QPA method, it is important that a suitable internal standard is chosen. For molecular organic materials, widely used QPA internal standards such as Al 2 O 3 and ZnO are not suitable as microabsorption (Klug and Alexander 1974) becomes an issue. The choice of diamond powder as an internal standard aimed to minimise microabsorption whilst providing sharp diffraction peaks that did not markedly interfere with the regions of strong diffraction observed from the crystalline components of the samples under examination. Both synthetic and naturally sourced diamond powders were tested. It was found that the naturally sourced diamond powder contained trace quantities of zirconia, which produced significant contributions to the diffraction patterns of the spiked mixtures. Whilst these contributions are easily modelled, microabsorption and incidental peak overlap are complications that are best avoided and so synthetic diamond powder was chosen as the internal standard. The internal standard method assumes that the percentage crystallinity of the standard is known; in this work, based on laboratory PXRD and using a hard wearing standard, 100% crystallinity is assumed. The validity of this assumption is illustrated by the excellent agreement between measured and calculated phase percentages in the known mixtures. Whilst relatively expensive as a standard, 4 the amount of diamond powder required for each individual analysis is sufficiently small that the cost per sample prepared is small. The internal standard method avoids the need for additional corrections to account for scattering from the capillary. This QPA work has been carried out using a laboratory-based Bruker D8 diffractometer operating in capillary-transmission geometry; the monochromatic incident X-ray beam passes through the sample, contained in a thin-walled borosilicate glass capillary, and diffracted X-rays are collected using a position-sensitive detector. The sample is rotated along the axis of the diffractometer to reduce the detrimental effects of preferred orientation of crystallites within the sample. The use of reflection-based PXRD 5 for QPA of molecular materials is not recommended; sample presentation issues frequently lead to preferred orientation and sample transparency effects, and these will significantly affect the accuracy of values returned by QPA analysis.
Conclusions
Rietveld-based QPA, with a suitable internal standard, allows quick and easy identification and quantification of crystalline phases in samples related to chocolate manufacture. Furthermore, it allows for accurate quantification of total amorphous content by difference. The presence or absence of detectable amounts of a crystalline phase can be easily determined by incorporation of that phase into the Rietveld calculation and assessing the impact upon the R wp of the resultant fit to the data.
Temperature control of the sample allows for the removal of crystalline cocoa butter contributions to the pattern, if desired. The method, whilst straightforward, does require the use of a diffractometer operating in capillary-transmission X-ray diffraction geometry to ensure that good quality diffraction data, largely free from the effects of preferred orientation, are obtained. Suitable software for QPA is also required; in this work, TOPAS has been used, but many other alternatives are available and are equally suitable.
